Abstract During this study, a mathematical model simulating piggery wastewater treatment was developed, with the objective of process optimisation. To achieve this, the effect of temperature and free ammonia concentration on the nitrification rate were experimentally studied using respirometry. The maximum growth rates obtained were higher for ammonium-oxidising biomass than for nitrite-oxidising biomass for the temperatures above 20 8C; values at 35 8C were equal to 1.9 and 1.35 day 21 , respectively. No inhibition of nitrification was observed for free ammonia concentrations up to 50 mgN/L. Using these data with others experimental data obtained from a pilot-scale reactor to treat piggery wastewater, a model based on a modified version of the ASM1 was developed and calibrated. In order to model the nitrite accumulation observed, the ASM1 model was extended with a two-step nitrification and denitrification including nitrite as intermediate. Finally, the produced model called PiWaT1 demonstrated a good fit with the experimental data. In addition to the temperature, oxygen concentration was identified as an important factor influencing the nitrite accumulation during nitrification. Even if some improvements of the model are still necessary, this model can already be used for process improvement.
Introduction
French intensive livestock production has become increasingly concentrated in the northwest over the past 40 years. The region of Brittany, which accounts for only 7% of French agricultural land, is now responsible for nearly 60% of French pig production. For the intensive pig production areas such as Brittany, it has been long understood that the production of manures by the farms is frequently higher than the capacity to recycle them to the land as fertiliser (Ballay and Catroux, 1974) . Consequently, there have been large programmes of experimental research resulting in special attention on the biological treatment of piggery wastewater. Although the first studies concerned mainly the organic matter degradation and odour removal (Owens et al., 1973) , the ability to remove nitrogen using this process was quickly identified and studied (Evans et al., 1986) . As part of this experimental research, several process were studied: aerated lagoon (Oleszkiewicz, 1986) , biofilm infiltration-percolation aerated system (Boiran et al., 1996) , activated sludge process with an anoxic basin (Willers et al., 1993) , activated sludge process with intermittent aeration (Bicudo and Svoboda, 1995) and sequential batch reactor (SBR) (Bortone et al., 1992) .
Owing to the piggery wastewater characteristics (high concentration of nitrogen, COD and TSS and variations of the concentration with time), the aerated lagoon and the biofilm infiltration-percolation aerated system were difficult to manage and the efficiency was poor. In France, the modified sequential batch reactor (without the decantation phase) in which the anoxic and the aerobic phases alternate, was commonly used for treatment of piggery wastewater. The non-biodegradable suspended solids content of the piggery wastewaters is high, leading to a difficult decantation. Thus, no decantation was applied in the reactors and the hydraulic residence time is equal to the solids residence time and ranges between 35 and 50 days. At present, approximately 400 farm waste treatment plants have been built and are in use, and there is potentially a further 6 to 700 additional units to be built in the near future.
However, the design and the management of the treatment system must be optimised in order to meet the regulations and reduce treatment costs. Owing to process complexity, heuristic optimisation is rarely efficient and a model-based approach is often necessary. For evaluation and optimisation of the treatment of urban wastewaters, various models have already been developed and edited by the IWA task group (Henze et al., 2000) , such as the activated sludge models (ASM). These models are largely used for domestic sewage but the modelling may also be applicable to the treatment of livestock wastes and industrial effluents (Orhon, 1998) . The available activated sludge models were specifically designed and calibrated for urban wastewater treatment, and therefore, the extension of such models to more concentrated influents such as piggery wastewaters, appears particularly interesting but requires specific data experiments and research.
In contrast to the domestic sewage, a very limited amount of data on the kinetic and stoichiometric processes and on the influent composition are available for piggery wastewaters. Nitrogen removal for concentrated wastewaters, such as the piggery wastewaters, might result in the inhibition of nitrification by free ammonia (Anthonisen et al., 1976) and nitrification might be limited by the dissolved oxygen (DO) concentration (Wiesmann, 1994) . Nitrite accumulation during nitrification is often observed during piggery wastewater treatment and could be due to the temperature (Hellinga et al., 1998) . The aim of this study was to develop a mathematical model for the simulation of the modified SBR, treating piggery wastewaters. For this purpose, the effects of temperature and free ammonia concentration on the nitrification rate were studied using respirometry. The results obtained from respirometry were included in a modified version of ASM1. Finally, the model was calibrated using data from pilot-scale reactor experiments.
Materials and methods

Respirometry
Respirometry, which is widely recognised as the most suitable tool to determine the biodegradable wastewater fractions, was used for the COD fractionation during this study. The oxygen uptake rates (OUR) were measured for each wastewater and allowed to determine the readily biodegradable COD (S S ) and the slowly biodegradable COD (X S ) as described by Orhon and Okutman (2003) and Boursier et al. (2005) . The inert COD fraction was defined as the difference between total COD and biodegradable COD (S S þ X S ).
Respirometry was also used to determine the effect of temperature on the growth rates of the ammonium-oxidising bacteria (AOB) and the nitrite-oxidising bacteria (NOB). After reaching the endogenous respiration level, nitrite and ammonia were successively added leading to maximum nitratation (OUR NOB ) and nitritation (OUR AOB ) rates. All experiments were carried out at pH 8.0. Before the measurements of the AOB and NOB growth rates, the activated sludge was acclimated to the temperature during several hours. Considering the maximum specific growth rate for AOB (m AOB,20 8C ) and NOB (m NOB,20 8C ) equal to 0.8 and 0.79 day 21 at 20 8C, respectively (Hao et al., 2002) and applying this measurement using the same activated sludge at temperatures varying from 10 to 45 8C, the effect of temperature on the m AOB and m NOB was determined using the following equations: m AOB;T8C ¼ OUR AOB;T8C £ m AOB;208C OUR AOB; 208C or m NOB;T8C ¼ OUR NOB;T8C £ m NOB;208C OUR NOB;208C
The influence of free NH 3 concentration [NH 3f ] was also studied using respirometry. As addition of ammonium was required, the distinction between AOB and NOB was not possible and only the whole nitrification was studied (OUR AOB þ NOB ). Five experiments were carried out at 20 8C using pH control at 7, 7.5, 8, 8.5 and 9, respectively. For each experiment, successive additions of NH 4 Cl were performed and allowed us to evaluate the influence of [NH 3f ] up to 60 mgN/l. [NH 3f ] was calculated using the following equation:
Pilot-scale reactor and experimental measurements
A modified sequencing batch reactor (mSBR) pilot-plant was developed (Figure 1 ). Before the biological treatment in the reactor, the piggery wastewaters were stored at 4 8C in a tank. At the beginning of each cycle, a known amount of piggery wastewater was added in the reactor through a buffer tank where the quantity added was weighed and recorded. At the end of each cycle, an quantity of the activated sludge equal to the piggery wastewater added at the beginning of the cycle was withdrawn from the reactor. The system operated without sludge recirculation or decantation in the reactor, leading to a solids retention time equal to the hydraulic retention time. For each experiment, each whole-cycle of the modified SBR was scheduled as follows: (1) a feeding phase, (2) an anoxic phase, (3) an aerobic phase and (4) a withdrawal phase. During this study, two experiments were carried out using the pilot-scale modified SBR with two different piggery wastewaters (Table 1) . For run 1, the duration of a whole-cycle was equal to 24 hours consisting of 4 hours of anoxic conditions and 20 Figure 1 The pilot scheme treating piggery wastewaters. 1, storage tank (500 L); 2, buffer tank and weighing system; 3, reactor (100-110 L); 4, foam breaker; 5, mixing system; 6, fine bubbles diffuser; 7, pH, ORP, DO and temperature sensors; 8, system for water addition; 9, gas flow meter; 10, withdrawal and weighing system F. Bé line et al.
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hours of aerobic conditions. At the beginning of each cycle, 10 L of piggery wastewater were added in to the reactor, leading to a working volume of 110 L and a HRT equal to 11 days. At the end of each cycle the same amount of activated sludge was withdrawn. For run 2, the duration of a cycle was equal to 12 hours, consisting of 7 hours of anoxic conditions and 5 hours of aerobic conditions. At the beginning of each cycle, 4.4 L of piggery wastewater was added in to the reactor, leading to a working volume of 104 L and a HRT equal to 11.9 days. At the end of each cycle, the same amount of activated sludge was withdrawn. For each run, once three hydraulic residence times had elapsed, samples were analysed to enable a characterisation of the effluent (COD, soluble COD and total nitrogen) and changes of NH were analysed by ion chromatography on a Dionex DX120 system equipped with a Dionex AS9HC column. The eluant used was a 10 mM Na 2 CO 3 solution, flowing at 1 mL/min 21 .
Modelling
The activated sludge model No. 1 (Henze et al., 2000) was extended with a two-step nitrification and denitrification to enable separate modelling of ammonium and nitrite oxidation and nitrate and nitrite reduction (Appendix 1). For denitrification, only one heterotrophic biomass was considered responsible for the two steps. For nitrification, two distinct autotrophic biomasses were considered. Moreover, a distinction between the anoxic heterotrophic yield and the aerobic heterotrophic yield was considered. The mathematical equations of this model, called PiWaT1, were implemented in the Scilab software using the Scicos interface. This software is available as a toolbox called ASModel1.0 (see http://scilabsoft.inria.fr/contribution/displayCategory.php?category ¼ SCICOS or http://beline.homelinux.net/rubrique.php3?id_rubrique ¼ 1). The integration routine was chosen automatically by the software. A run time of more than three times the HRT was defined for pseudosteady-state conditions. For the calibration of the model, the parameters were estimated manually by comparing the simulated output with the experimental data until the best fit was achieved.
Results and discussions
The experimental determinations of the effect of temperature on the AOB and NOB growth rates are presented in Figure 2a . For AOB, considering a maximum specific growth rate equal to 0.8 day 21 at 20 8C, the observed growth rate increased from 0.3 to 1.9 day 21 between 10 and 35 8C. The AOB growth rate was stable between 35 and 40 8C
and dramatically decreased to 0.3 day 21 at 45 8C. In the same way, considering the maximum specific NOB growth rate equal to 0.79 day 21 at 20 8C, the observed NOB growth 
The temperature coefficients (Q) obtained were 0.07 and 0.04 for AOB and NOB, respectively. Based on these data which are agreement with previous work (Hellinga et al., 1998) , temperatures above 20 8C and particularly close to 35 8C are more favourable for the AOB than the NOB. The influence of [NH 3f ] on the nitrification rate is presented in Figure 2b . Depending on the pH, the nitrification rates increased from 50 to 100% of the maximum when [NH 3f ] increased from 0 to 5 mgN/L. The nitrification rate was maximum with [NH 3f ] varying between 5 and 50 mgN/L. A decrease from 100 to 80% of the maximum was observed at 60 mgN/L. According to the results presented by Anthonisen et al. (1976) , a partial inhibition of the AOB was observed from 10 mgN/L and the inhibition was complete at 150 mgN/L. For NOB, the partial and total inhibition levels were estimated at 0.1 and 1 mgN/L, respectively. In contrast, the results obtained during this study indicated no inhibition of AOB or NOB with [NH 3f ] up to 50 mgN/L. As mentioned by Villaverde et al. (2000) , acclimatisation of the bacteria could explain the different levels for inhibition reported in the literature.
The equations and the temperature coefficients previously determined for AOB and NOB were included in the modified version of ASM1 developed for piggery wastewater. Based on the experimental results concerning the effect of [NH 3f ] on nitrification, no inhibition of [NH 3f ] was considered in the model. The results from runs 1 and 2 were used to calibrate the model. As indicated in Table 2 , the temperature and the pH varied during the treatment cycles resulting in a maximum free NH 3 concentration of 69.5 and 31.4 mgN/L for runs 1 and 2, respectively.
Firstly, default parameters taken from the literature (Henze et al., 2000; Hao et al., 2002; Boursier et al., 2004) were used for modelling. However, some modifications of the default parameters were necessary to fit the experimental results. The oxygen half-saturation coefficient for heterotrophic biomass (K OH ) was reduced from 0.2 to 0.05 mg/L in order to avoid denitrification during the aerobic phase with low levels of oxygen (run 1). The absence of denitrification during this period was confirmed by the experimental nitrogen mass balance. The hydrolysis rate (K H ) was increased from 3 to 25 day 21 for run 1 and 6 for run 2 in order to fit the denitrification rates. These variations could be related to the characteristics of the organic matter. Concerning autotrophic biomass, the oxygen half-saturation coefficients (K OAI and K OAA ) and the substrate half-saturation coefficients (K NAI and K NAA ) were modified. The modifications of the K NA slightly affected the results but, in contrast, the modifications of the K OA were very important to fit the experimental data. Indeed, the oxygen concentration limitation was the main factor influencing the nitrification rate and, more particularly, the nitrite accumulation. Finally, the parameters shown in Table 3 coupled with the modified ASM1 (PiWaT1, Appendix 1) allowed the characteristics of the treated piggery wastewaters during runs 1 and 2 to be correctly modelled (Table 4) . Moreover, these parameters allowed a good fit between the model and experimental evolution of mineral nitrogen (Figure 3a ) and dissolved oxygen (Figure 3b ) during a treatment cycle for run 1 and for run 2 (data not shown). These results reinforced results previously obtained by respirometry implying no inhibition of nitrification by free NH 3 . In fact, although there is no inhibition of free NH 3 considered in the model, the model fit the experimental data for both runs even if the free NH 3 concentrations were different between each run and could reach 69.5 mgN/L during run 1.
Even if the developed model allowed a good fit with experimental data, some improvement remains possible, especially concerning the denitrification processes. For this purpose, a distinction between the heterotrophic biomass reducing NO the heterotrophic biomass reducing NO 2 2 to N 2 could be considered. The influence of organic matter limitation on nitrite accumulation during denitrification could be also included in the model.
Conclusions
During this work, experimental data obtained during (1) respirometric experiments and (2) piggery wastewater treatment using a modified SBR were used to develop and calibrate a mathematical model to simulate nitrogen and organic matter transformations. From these experiments, temperature and dissolved oxygen concentration was identified as the main parameters influencing ammonium-oxidising and nitrite-oxidising rates. High temperatures (. 20 8C) and low dissolved oxygen concentration (, 0.5 mgO 2 /L) are more favourable to the oxidation of ammonium than to the oxidation of nitrite, leading to nitrite accumulation during nitrification. The model simulated the experiments performed and could be used to optimise design and management of piggery wastewater treatment.
